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I~TRODUCTION

This review is supposed to summarize the status of radiation-belt science
in the wake (i.e., post-mortem, aftermath) of the data-acquisition phase

(1976-79) of 1I1!S, the International Magnetospheric Study. The intent is to

i provide background and a conceptual framework for operation during the data-
analysis phase (1980-85) of IMS. The main thrust of IMS seems to have been
directed toward an understanding of magnetosphere dynamics, e.g., the transfer

l of energy into the magnetosphere and the magnetospheric dissipation of that f'*
energy. Although such processes involve plasmas of much lower energy per
particle than the radiation belts, they do shed light on possible source and

transport mechanisas for radiation-belt particles. iforeover, although the IMS

IR
v

is not primarily a radiation-belt study, it would be wrong to ignore the O
wealth of radiation-belt data provided by spacecraft such as GEOS, ISEE, and
SCATHA. Vette [1980] has compiled an exhaustive directory of spacecraft

instruments that were in operation during the data-acquisition phase of IMS.

Progress in radiation-belt science during the I!!S period has not been
characterized by revolutionary breakthroughs. The concepts underlying radia-

tion-belt science were already in good shape prior to IMS and continue to be

in good shape as the data-analysis phase continues. What has developed over

-

the vears 1is a maturity of outlook and a realization that radiation=-belt

i

science has progressed from the realm of qualitative empirical description to

LI 2 -t i
LA

»

the stage of quantitative dynamical modeling. This is the context in which

. @,

the high-resolution data acquired during IMS become important, since quanti-

AN AN
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tative dynamical modeling requires the specification of phase-space density as

v ov
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.

a function of adiabatic invariants and time. Improved resolution of particle

i

[N

- flux as a function of energy and pitch angle yields improved resolution of the TTE
5.: .:_-.'_,w
b phase-space density and (therefore) improved quantitative understanding of :f:f:
. Y
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radiation-belt dynamics.

i An additional requirement for accurate specification of phase-space

density is accurate specification of the magnetic field. The field models

reviewed by Walker [1979] are representative of progress in this area, but

"- ’- 8

i more work remains to be done. Realistic and dynamically self-consistent
models of the ring-current contribution to the vector B field would be espe-
clally welcome as a supplement to existing empirical models. Moreover, the
= effect of magnetopause currents and neutral-sheet currents on the magnetic
field, and hence on particle trajectories in the ring current, needs to be

considered explicitly in this context.
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RECENT PROGRESS B

It might be appropriate in a review of the present type to recount in

full the accomplishments of radiation-belt science for the 1976-79 time

period. However, this will not be done here. The author has already pub-

lished a review [Schulz, 1980] of radiation-belt papers from the 1977-79
period, and a repetition of that review here would needlessly try the reader's ?f;ff
patience. What is offered instead (in this section) is a synopsis of selected
highlights from the 1980 review, together with sufficient background material

to provide a historical framework and perspective. Subsequent sections pro-

vide a look into the r .ture.

A long-standing problem in radiation-belt physics has been to decide
whether radiation-belt particles enter the magnetosphere mainly from inter-
planetary space or mainly from the ionosphere. The IHS has seen evidence
building on both sides of the question. The evidence for extraterrestrial

sources 1s seen primarily in the high-~energy channels. It has 1long been

recognized [Singer, 1938; Vernov et al., 1959; Kellogg, 1959] that the 50-100
MeV protons which populate the inner radiation zone have as_their source the
decay of albedo neutrons liberated in the spallation of atomic nuclei in the
upper atmosphere by incident cosmic rays. Radiation-belt protons [Farlev et

al., 1970] and electrons [Lanzerotti et al., 1970] in the 0.1-10 MeV energy

range typically show a monotonic increase of phase-space density with L at
fixed M and J (adiabatic invariants). This monotonicity suggests inward
radial diffusion from an outer boundary at L ~ 10 but does not prove that the
particles maintaining the boundary condition originate outside the earth's
magnetosphere. Many particles clearly do originate one or more astronomical
units from the earth, e.g., solar-flare protons seen at synchronous altitude

within hours after the flare [Paulikas and Blake, 1969]). One of the provoca=-
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tive ideas to emerge from the IMS period is the suggestion of Baker et al.
[1979] that relativistic electrons from Jupiter's magnetosphere [e.g.,

Krimigis et al., 1975; ilewaldt et al., 1976] help to populate the earth's

outer zone at energies 2 5 MeV. A good test for this idea would be to search

for a 13-month periodicity in the radiation intemsity at these energies in the

earth's outer electron belt.

Evidence for an ionospheric source of trapped particles is provided by

ion-composition studies. GEUS observations reported by Geiss et al. [1978] Yo

and Balsiger et al. [198U] typically show the presence of ot (along with ut) s

as a major constituent of magnetospheric hot plasma at energies below ~ 16
keV/charge. The presumption is that such ions enter the plasma sheet with RNEE
several keV/charge as constituents of the auroral ion beams that are charac- '-";'.:‘f-

teristic of the PM (afternoon-evening) sector [Ghielmetti et al., 1978]. The

large potential drops along magnetic-field lines in the auroral oval thus
enable the ionosphere to supply both 0% and 1% to the plasma sheet in quanti-
ties (and at energies) far in excess of those characteristic of the polar
wind, which had been (~ 10 years ago) the favored medium for transfer of

ionospheric plasma to the ring current and radiation belts [e.g., Axford,

1970].

The plasma sheet consists also of moderate-energy ( < 10-keV) ions and
electrons from interplanetary space (e.g., from the solar wind) that have
entered the boundary-layer convection pattern at the polar cleft or elsewhere

on the magnetopause, become part of the plasma mantle, and thence been con-

PO

vected into the plasma sheet. Whatever their source, charged particles that TN

A
e
.. ': "

ud dd

populate the plasma sheet are subject to further energization by both adia-
batic and non-adiabatic processes during convection and diffusion into the

region of geomagnetically trapped radiation. One plasma-sheet process that
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seens unavoidable in this context is the "current-sheet acceleration” de-

scribed recently by Lyons and Speiser [1982]. This process involves the

violation of guiding-center theory in regions where the gyro-radius of a
particle is not small compared to the scale length on which the magnetic field
varies, and thereby enables the particle to be energized by the cross-tail

electric field. The field geometry used by Lyons and Speiser [1982] was shown

by Stern and Palmadesso [1975) not to allow particle energization by the

cross-tail electric field if the first two adiabatic invariants were con-

served.

Although the ring current is derived from the plasma sheet by magneto-
spheric convection and radial diffusion, the ion composition of the ring
current can differ greatly from that of the plasma sheet. This is true
because of the importance of charge exchange in ring-~current dynamics. The
loss rate due to charge exchange 1s much greater for H* ions than for O ions

* than for O+) at energies < 20 keV [Tinslez,

(also nuch smaller for ile
1970]. This means that He* or oF might dominate Ut in the ring-current compqo-

sition studies of Balsiger et al. [1980] by virtue of their greater surviva-

bility, even if the plasma sheet were predominantly HY. The evidence on ion

¥ over let in this low-energy

composition in fact seems to favor 0% and
portion of the ring current, presumably because of a helium deficiency in the

plasma sheet itself.

Ion-composition evidence for the main body of the ring-current spectrum
(E ~ 20-80 keV) is necessarily less direct, since it has been difficult to fly
ion-identifying spectrometers that would cover the range from ~ 20 keV/charyge

to ~ 100 keV/nucleon [e.g., Cornwall and Schulz, 1979]. However, Lyons and

Evans [1976] were able to argue from the anomalously slow decay rate of the
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the major ion in the ring current could not have been HY. In other words a
hydrogen ring current would have decayed much faster than the observed ring-
current ion flux did after removal of the source. The argument was not air-
tight, since it ignored (a) the likely possibility that radial diffusion would
continue during recovery phase and (b) the adiabatic energization that ring-
current particles would experience through the electric field induced by decay
of the ring current itself. However, the essential conclusion of Lyons and
Evans {1976], concerning the importance of ions heavier than HY in the ring

current, seems to have been correct.

Of course, charge exchange may not be the only loss process important for
ring-current ions. Another possibility is the electromagnetic ion-cyclotron
instability associated with pitch-angle anisotropy in the ion distributions
[Cornwall, 1966]. In prior studies the anisotropy had been a postulated
consequence of radial diffusion and pitch—angle diffusion. However, Cornwall
[1977) broke with this tradition by explicitly calculating the proton aniso-
tropy that would develop in consequence of charge exchange (since geomagneti-
cally trapped particles experience a bounce-averaged atmospheric density that

increases with mirror latitude) until instability occurred. In subsequent

studies by Solomon and Pellat [1978] and by Kaye et al. [1979] a purely iso-
tropic source at L ~ 10 was postulated, and the phase-space density was mapped
to lower L values (and various longitudes) by means of Liouville's theoreu.
Pitch~angle anisotropies and discontinuities in energy spectra occurred as
direct consequences of the kinematics of charged-particle motion in the
presence of a dawn-dusk convection electric field. Kaye et al. [1979] in

particular found that the linear growth rates calculated from their aniso-

tropic proton distributions inside the plasmasphere on the dusk meridian

'

f showed maxima and cut-offs in good correspondence with the band-limited wave
5 12
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spectra observed there.

Wot all of the waves in the magnetosphere have been generated by
X magnetospineric plasmas. The occurrence of lightning-generated whistlers is

well documented, for example. Waves of anthropogenic origin include signals

from ground-based radio transmitters and harmonics from power 1lines. In
recent years interest has centered on the question of whether such man-made
waves can contribute significantly to the pitch-angle diffusion and eventual
precipitation of geomagnetically trapped particles. Vampola [1977] and .

Vampola and Kuck [1978] have discerned geographically correlated features in

the precipitating electron distribution that seem to suggest a decisive role
for ground-based VLF radio transmitters in the diffusion process. Park and

Helliwell [1973] and Luette et al. [1Y979] have described the partial control

of power-line harmonics over chorus emissions, and hence presumably over the
electron precipitation with which chorus is known to be associated. Those
o arguing against the importance of anthropogenic waves for the radiation belts

- have included Imhof et al. [1978], Lyons and Williams [19738), and Tsurutani et

al. [1979]. 1t could be that the advocates and opponents are not in direct
conflict. The former tend to emphasize the importance éf man-made wave
sources in controlling the geographic longitude at which precipitation occurs,
whereas the latter emphasize the importance of natural wave sources for
5 determining the lifetimes and gross features of the pitch—angle distributions
. of trapped particles. Thus, there could be truth on both sides of the EEEE

controversy.

N

Moreover, the very idea that waves of technological origin might

s

influence the radiation belts in some observable way has provided a stinulus

3 for theoretical study of the wave-particle interactions involved. In this N,
o o
N context, Inan et al. [1978) have computed the change Aao in equatorial pitch one
g v
: 13 IR
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angle that an electron would experience through an equatorial resonance with a
nonochromatic (single-frequency) whistler-mode wave propagating along the ;3;;
magnetic field. The inhomogeneity of the magnetic field limits the duration
of cyclotron resonance in this case [e.g., Schulz, 1972], but at wave
amplitudes 2 3 my lnan et al. [1978] found clear evidence of test particles R
beconing trapped in the wave-form and thus having their duration of resonance
prolonged. Nonlinear phenomena of this sort can violate the first two
adiabatic invariants of charged-particle motion, modify the distribution L
function of geomagnetically trapped particles, and (thereby) affect the
stability of the magnhetospheric plasma to various wave modes. For example,

Cornilleau-ilehrlin and Gendrin [1979] have reported the observation of -

transmitter-induced quiet bands in the VLF (very-low-frequency, 3-30 kHz)
noise spectrum and have interpreted this phenomenon in terms of nonlinear

wave-particle interactions in the inhomogeneous B field.

Violation of the first two adiabatic invariants through human

intervention does not imply significant violation of the third invariant by X
such means. Indeed, the inportant mechanisms for radial transport (third- —
invariant violation) typically require electric or magnetié disturbances of éi;;
magnetosphere-wide extent, which could not 1likely be produced from earth

within the constraints of international law. Human activity in the area of

third-invariant violation has thus focused on the measurement of natural

magnetospheric disturbances. In this context Lanzerotti et al. [1978] have

analyzed the spectrum of (presumably) large-scale disturbances of the eartn's
magnetic field at synchronous altitude, wusing data from the ATS-6 jrﬁ
spacecraft. By evaluating the spectral density as a function of resonant- ::”u

particle drift frequency, Lanzerotti et al. [1978] were able to estimate the

contribution of such magnetic disturbances to the radial-diffusion

14
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coefficients of geomagnetically trapped electrons. Holzworth and Mozer [1979]

have performed a similar analysis of (presumably) electrostatic disturbances

measured on simultaneous balloon flights at six auroral-zone locations

spanning 180° of longitude. Theoretical considerations [e.g., Cornwall and
(-4 (-]

Schulz, 1979] suggest that electrostatic impulses are the more important for

SN AEKIRLN AN

transporting lower-energy particles, and that magnetic impulses are the more

important for transporting higher-energy particles. Empirical studies of

inner-zone proton diffusion [e.g., Croley et al., 1976] suggest that a first Ties

invariant M ~ 100 HeV/gauss separates high energy from low in this context,
for particles of vanishing second invariant J. Thus, for example, the ring

current (1 ~ 20 MeV/gauss) is transported mainly by electrostatic

disturbances.

Conversely, the radial diffusion of relativistic electrons at L ~ o

occurs mainly through interaction with magnetic impulses, as Lanzerotti et al.

[1978] had assumed. Horeover, an individual impulse is known to leave a
characteristic signature in the azimuthal distribution of particles around

their drift shell. The signature is discernible for several drift periods,

depending on the energy resolution of the detector, as the electrons belonging
to the outer-zone enerygy spectrum drift past the observer at their respective 23}

(adiabatic) drift rates. Chanteur et al. [1977, 1978] have recently studied -

this “drift-echo” phenomenon with great care and have confirmed its

observational significance beyond any reasonable doubt.

Drift echoes in relativistic-electron channels are thus a consequence of
inpulsive temporal changes in the day-night asymmetry of the magnetosphere.

Such configurational changes have dynamical effects on the radiation belts,

effects that can be expressed by means of a radial-diffusion coefficient. —
However, even the static day-night asymmetry of the quiet magnetosphere has :f%:
... .'
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observable consequences for radiation-belt particle distributioms. One such E,l 1
consequence is the observed tendency [e.g., West, 1979] of outer-zone —
electrons to show an anomalous pitch-angle anisotropy at high energies (E2

500 keV) on the night side of the magnetosphere, such that the wumaximunm

* *
particle intensity occurs at equatorial pitch angles % and © - ag different

from 1/2. The relative minimum in particle flux at ay = m/2 is thus a -f;_i
Lol

signature of the day-night asymmetry of the magnetosphere. Recently, Baker et

i: al. [1978] have made quantitative use of this anomalous pitch-angle anisotropy p
§ on the night side as a measure of day-night asymmetry in the underlying 3- i;
d L4
? field configuration, and thus of the strength of the tail current. On this ¢:
- basis they have successfully used the degree of pitch—angle anisotropy (even : ;%1

at energies as low as 30-30U keV) to predict the occurrence of geomagnetic

substorns, which might be expected to follow strong enhancements of the tail

currente.

The foregoing highlights illustrate the scope of radiation-belt research

that has occurred during the IMS period. The selection of topics is not meant

to be exhaustive by any means. The recent review by Schulz [1980] included e
citations of about 80 references in context and more. than 400 in a

supplementary bibliography, and this was supposed to cover only a two-year ;i{;
period (roughly September 1977 to November 1979). A thorough treatment of the -
entire IS data-acquisition phase (1976-79) would not be feasible in the space .
available here, but a feeling for the flavor of I!IS research on radiation-belt
science nevertheless emerges. The remainder of the present work is devoted to
an exploration of subject—areas that seem ripe for further progress in the

continuing effort to understand the dynamics of the earth's radiation belts.
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RADIATION-BELT EVOLUTION

Charged-particle intensities 1in the earth's radiation belts often
fluctuate by orders of magnitude about the mean value characteristic of a
given species, L value, equatorial pitch angle, and energy. Part of the
fluctuation is adiabatic, being related to a general expansion or contraction
of drift shells in the magnetosphere. The other part of the fluctuation is
not adiabatic, being related to the transport of particles across drift shells
or into the 1loss cone or to lower energy, for example. Non-adiabatic
enhancements of particle flux are typically associated with radial diffusion,
which 1is a common consequence of unsteady magnetospheric convection or of
azimuthally asymmetric impulses in the magnetospheric B field. Non-adiabatic
decay of particle intensity 1is typically associated with pitch-angle

diffusion, charge exchange, or energy loss.

The foregoing associations are, of course, largely schematic. It is not
likely that well-known loss processes actually disappear during particle-flux

enhancements, nor that radial diffusion disappears as particle fluxes decay.

It is more 1likely that the diffusion coefficients associated with certain
transport processes are modulated in time, and that the boundary condition on
the particle intensity at some high L value (L ~ 10, but variable) likewise EJQ\

varies in time.

Thus, there is a reasonable prospect of modeling the dynamical evolution

of the earth's radiation belts by means of a Fokker-Planck equation in which
the transport coefficients vary with time, as do the boundary conditions. The

kinematical entities in such a formulation are the adiabatic invariants of

charged-particle motion, and these are related to observables such as energy

and pitch angle by transformations that depend on the parameters of the

17
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magnetospheric model. The need to take account of adiabatic temporal
variations of wmagnetospheric parameters while organizing particle data is
widely recognized in principle but rarely honored in practice. Progress in
radiation-belt theory has nevertheless advanced to the stage that the subject

shows clear signs of maturity.

T TR YV -V T REYY e VOV W wew

Recent years have seen the development of a very good steady-state

}

understanding of radiation-belt structure over a considerable spectrum of
charged-particle energies. The steady state 1is established in concept by
balancing radial transport (mainly diffusion) against known loss processes
(e.g., pitch-angle diffusion, enmergy loss via ionization and plasmon emission,
charge exchange) and imposing reasonable boundary conditions on the phase-
space density at high and low L values. The actual radiation belts are rarely
in the steady state, however, and the ultimate goal of radiation-belt theory
is to account for the observable variations of charged-particle intensities
there by means of the Fokker-Planck equation with time-dependent transport
coefficients and time~dependent boundary conditions. Thus, the notion that
magnetospheric dynamical processes operate one-at-a-time, e.g., first an
injection and then a decay, is largely obsolete. What really; happens is that
the dynamical processes continue to operate simultaneously (whether in

superposition, in competition, or in cooperation) while the magnitudes of

their respective transport coefficients vary (whether in correlation, in anti-
correlation, or independently). The net result of all this, and of the
temporal variation of source strengths and boundary conditions, is that the
radiation intensity evolves over a multiplicity of time scales ranging from
minutes (the drift-echo time scale) to millennia (the time scale for "secular”

variation of the earth's dipole moment).

It has 1long been recognized' that transport coefficlents, source
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strengths, and boundary conditions could vary with time. However, the
realization is now developing that such variation is not just a curiositye.

Indeed, the temporal variation of transport coefficients, source strengths,

and boundary conditions constitutes the essence of radiation—-belt behavior

during magnetic storms and radiation-belt evolution over the solar cycle.

One example of a phenomenon seemingly contingent on the solar-cycle

nodulation of source strength and transport (Coulomb-ionization loss in this {:,J
case) is illustrated in Figure 1 [Croley et al., 197b]. The observations were Sa o
€ <

made during 1969, i.e., around solar maximum. The feature of interest is the
non-monotonicity of the inner-zone proton energy spectrum at low altitudes, ﬂf&
i.e., at the larger values X = [l =~ (BO/B)]I/Z, where By and B are the ez

equatorial and local magnetic-field intensities, respectively. This feature

had been anticipated (see Figure 2) by Blanchard and Hess [1964] on the basis

of a time-dependent solution of the Fokker-Planck equation in which the solar-
cycle modulations of cosmic-ray intensity (hence of the proton source) and
atmospheric density (hence Coulomb-ionization loss) were explicitly considered
(note especially the spectrum predicted to occur three years after solar

mininum). The ingredient notably missing from the work of Blanchard and less

{1964] is radial diffusion, the 1importance of which has since been

demonstrated in steady-state solutions by Farley and Walt [1971]. However,

steady-state solutions (e.g., the upper dashed curve in Figure 2 corresponding

to solar-minimum conditions and the lower dashed curve corresponding to solar-

maximum conditions) do not satisfactorily approximate any of the time~

dependent solutions (solid curves) obtained for the various phases of the

“~
--

solar cycle. Thus, there remains the task of obtaining time-dependent

XA

solutions of the Fokker-Planck equations, but with radial diffusion

realistically included.
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Figure 1. Inner-zone proton spectra at L = 1,475 during 1969 (near
solar maximum), as unfolded from OV1-19 counting-rate data
by Croley et al. [1976].
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Temporal variation of the transport coefficients likewise offers an

‘ explanation for a long-standing puzzle concerning high-energy outer-zone
electrons. These frequently have a pitch-angle (a) distribution with a

relative minimum (rather than an absolute wmaximum) at a = 90°. It is not

l surprising that this can happen in the nightside magnetosphere. Pfitzer et
al. [1969] have offered a purely adiabatic explanation of the nightside

phenomenon, cited above in connection with the work of Baker et al. [1978],

; which 1is a consequence of the azimuthal non-degeneracy of drift shells
generated by particles released with different equatorial pitch angles (au)
on the same field line. Figure 3 [Luhmann and Schulz, 1979] illustrates the
; effect for ATS-1 data [Pfitzer et al., 1969] at a, = 90° and a, = 65° on the
T basis of a simplified mathematical description of the kinematics. It is
& sufficient for present purposes, however, to focus on the data points
i themselves and to disregard the model. It is clear that the 65° flux in the
- higher energy channel (i.e., at 0.5-1.0 MeV) exceeds the 90° flux not only
: near midnight (as one would expect) but well beyond the dusk meridian and into
i the dayside magnetosphere. This is a true puzzle, since nothing in the :
steady-state dynamics of radiation-belt electrons is known to produce negative . ';
anisotropy (i.e., a field-aligned elongation of the pitch—angle distribution) E;%ﬁ
i on the diurnal average. f ‘j
- 0f course, the puzzle could be resolved by saying that the particle ;3i$i
g source provides negative anisotropy, e.g., in the form of field-aligned ziﬁg
[ beams. However, this would be more plausible for ring-current ions (not shown - i;
' in Figure 3) than for high-energy electrons. On the other hand, an EE
E; explanation based on time-varying boundary conditions seems plausible. Just :¥}¥
i as inward radial diffusion creates positive anisotropy [Nakada et al., 1965], ~——
cony
g outward radial diffusion produces negative anisotropy. Steady-state radial ;igﬁ
3 O
3 22 R
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diffusion of outer-zone electrons typically proceeds 1inward (since
3f/3L > 0) from an outer boundary at which the azimuthally-averaged phase-
space density (f) at fixed M and J (adiabatic invariants) is a maximum with

respect to L [e.g., Lanzerotti et al., 1970]. However, the distribution of f

need not be monotonic with L if the state of the radiation belt is not
steady. For example, a sudden diminution of the boundary value of f would
initiate a temporary condition of outward radial diffusion in the outer
portion of the outer zone. If the positive anisotropy associated with the
prior condition of inward radial diffusion had meanwhile been reduced or
obliterated by pitch-angle diffusion, the net result of the above sequence of
events might well be the appearance of negative anisotropy in the outer
portion of the outer zone, even on the diurnal average. However, this would
happen only during periods of diminished boundary values of f, i.e., perhaps
during magnetically quiet periods or when the earth's magnetosphere is not

connected to Jupiter's along the spiral of the interplanetary magnetic field.

This last remark about Jupiter is not entirely "off the wall.” Jupiter's

magnetosphere is known [Teegarden et al., 1974; Chenette et al., 1974, 1975]

to be a source of relativistic (E ~ 1-6 MeV) electrons for interplanetary
space, even at 1l AU. A careful analysis of data from terrestrial satellites

[Krimigis et al., 1975; Mewaldt et al., 1976] reveals a l3-month quasi-

periodicity in the monthly-averaged interplanetary flux of such electrons,
with the broad maximum centered on those months during which Jupiter and the
earth were most probably connected by an interplanetary field 1line, as
determined by the mean solar-wind velocity. Since the actual solar-wind
velocity at 1 AU varies with time, enhancements of the interplanetary electron
flux (E ~ 1-6 MeV) are necessarily sporadic, but a sliding time-average

reveals the 13-month recurrence quite nicely. Baker et al. [1979] made the
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i . sensible suggestion (cited above) that such Jovian electrons contribute to the 11"ﬂ
;: earth's radiation ©belts, for which the interplanetary particle flux L

constitutes the outer boundary condition in L.
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SOURCE OF RING CURRENT

The outer boundary condition for the ring current is the plasma sheet. -
Specification of the boundary condition might be achieved by assigning a

temperature and partial density to each plasma-sheet constituent, or

preferably by describing the entire energy spectrum for each constituent. The
boundary between the plasma sheet and the ring current is, according to this
viewpoint, the boundary between open and closed drift shells of the
constituent particles. Thus, the boundary is not a unique location in space,
e.g., a boundary at L = 10 in the idealized model of Kaye et al. [1979],

its L value is instead a function of particle energy, charge, equatorial pitch

angle, and local time. Temporal variation of the magnetospheric E~or E‘field

transports particle trajectories across this conceptual boundary as if by
diffusion. However, owing to the complexity of the trajectories and of the
boundary itself, the diffusive description is more difficult to formulate here —

than in the radiation belts.

Lyons and Williams [19Y8U] have argued that the source of the storm-time
ring current is the quiet-time ring current. In support of this argument they

have shown that the phase-space density of particles in thé storm—time ring
current matches that of particles in the quiet-time ring current over a broad
spectrum of M and J (adiabatic invariants) if one considers the distribution
to have been "transported” appropriately across L. The physical origin of

such “transport” is problematical, but presumably related to unsteady

magnetospheric convection. Transport by induced electric fields is probably
unimportant because it seems to have the wrong sign, i.e., an inward transport

of particles corresponding to an outward displacement of field lines.

Although Lyons and Williams [1980] hesitate to characterize it as such, —L
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the "transport"” of particles seems to be quasi-diffusive. An individual
particle is displaced either inward or outward in L, depending on its position
in longitude at the time of maximum convection electric field. However, the
radial gradient of phase-space density (f) is outward at fixed M and J, and so
the “diffusion” current would be inward. This interpretation holds
qualitatively even for a single impulse in the convection electric field,

although the mathematical description is not rigorously diffusive in this

case.

Enhancement of the diffusion coefficient in the presence of charge
exchange tends to reduce the gradient of drift-averaged phase-space density
(£) with respect to L, even if the outer boundary condition on f remains
unchanged. The reduced gradient might make it appear that f had been “"mapped”

from higher L values to lower, as Lyons and Williams [1980] have argued, but

the quantity to which Lliouville's theorem properly applies is f and not f.
Drift-phase mixing among particles of different energy within the detector
bandwidth makes f itself difficult to observe and suppresses drift-periodic
echoes (see above) in the particle flux. Irregularities in the acknowledged
temporal variation of the convection electric field may likewise tend to mask
drift echoes. The extent to which pre-storm phase-space densities at higher L
values seem to match storm-time phase-space densities at lower L values is
quite remarkable, but it would be highly instructive to develop a model of the
electric impulse that “transports” the energetic particles in the manner

inferred from this comparison.

It is widely held that radial diffusion occurs only on time scales large
compared to the mean interval between randomly spaced impulses in the
magnetospheric ii or JL_field. while this widely held belief is formally

correct, it overlooks the similarity of consequence between the diffusive
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description and the response of particle distributions to a single impulse.
h It should be easy enough to demonstrate this similarity. The first step would

be to calculate explicitly the response of a particle to an impulse in the

L ATl
R

convection electric field, i.e., the ultimate displacement in L as a function

of the particle's initial longitude or local time (C. E. McIlwain, personal

communication, 1981). The result would yield a "Green's function" for the
final distribution of particles in L, as derived from their initial (pre-

impulse) distribution in L. This "Green's function” should be compared with

T

] the Green's function that satisfies the radial-diffusion equation, in which ’
' the diffusion coefficient might well be modeled as being proportional to a
5 Dirac delta-function in time. The two Green's functions thus constructed will M
E not have quite the same functional form, if only because the former is bounded .*
» in L while the latter is not. However, the two should turn out to have about
the same width (e.g., at half-maximum) in L, and it is in this sense that even ____
. a single impulse can be said to produce radial diffusion, or at least to have h—
consequences that are difficult to distinguish from radial diffusion. .j::‘
" Figure 4 illustrates the now-classic results of ilakada et ai. [1963], -*-—
ey
results that have seemed to imply the sufficiency of radial diffusion at fixed i
M and J as a means of energizing outer-zone protons in the magnetosphere. The
solid curves were constructed by measuring the e-folding energies Lg of R
:: exponential proton spectra at equatorial pitch angles appropriate to a mapping ‘~\-
of a = 10°, 20°, 30°, and 90° from L = 7 at fixed !} and J. The dashed curves " :

show the corresponding energy variation of an individual proton with L, but
are positioned on the logarithmic ordinate so as to best fit the observed \
BN
variation of E; with L. The dashed curves seem to converge on a common -

(isotropic) value of Ey ~ 12 keV at L ~ 10. It 1is natural, therefore, to

associate the parameters Ey ~ 12 keV and L ~ 10 with the boundary condition on
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the ring current, i.e., with the plasma sheet itself.

However, this association seems objectionable (S. M. Krimigis, personal T
comuunication, 1981) in the light of present knowledge concerning the plasma

sheet. Quite frankly, it is difficult to assign the plasma sheet a proton

tenperature 2 6 keV in good conscience. This certainly does not mean that the -

radiation-belt ideas of Nakada et al. [1965] are wrong in any sense of the

word, but it does mean that a more sophisticated concept of the plasma sheet

would be in order. For example, the plasma sheet need not be regarded as a

1 purely homogeneous medium. Perhaps the tailward portion is quasi-homogeneous, ?i’f
:E with a proton temperature ~ 6 keV maintained by violation of the first f‘ {
d adiabatic invariant [e.g., Lyons and Speiser, 1962] in the presence of the e

usual cross=tail electric field, while the earthward portion is further

energized adiabatically by the inevitable component of gradient-curvature

drift in the direction of the same convection electric field. Perhaps it is

significant that the boundary between open and closed drift shells occurs

farther out in the magnetosphere for particles of higher energy. This ;k ;
consequence of the convection electric field would allow the higher-enerpgy ii::
plasma-sheet particles to be energized by a larger factor through radial fﬁfﬁ
diffusion than the lower-energy particles (a geophysical analogy of the rich :ff
becoming richer). Perhaps instead some special population of particles, having éi

been energized by mechanisms not previously contemplated, contributes

significantly to the ring-current boundary spectrum. This last possibility

seems the least appealing, but it cannot yet be ruled out. R
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10§ COMPOSITION I

In more innocent times it was believed that the ion composition of the S
ring current and radiation belts at a specified energy/nucleon should be the
sane as the ion composition of the solar wind. The idea was that traversal of
the bow shock would separately thermalize each ionic constituent of the solar
wind so as to produce a Maxwellian distribution having a temperature ~ !

keV/nucleon as an outer boundary condition on the phase-space density, and

that the diffusion equation would impose a common profile (defined by the
requirement of a divergence-free radial-diffusion current) on all the
constituents in the ring current and radiation belts. This concept failed to

be supported by the observational data and so is considered obsolete.

One difficulty with the above concept is that the e-folding energy
provided by thermalizing the solar wind is too small by an order of magnitude
(see Figure 4, above) for assignment to a boundary at L ~ 10, Another
difficulty 4{is the neglect of ionospheric 1ions, which can enter the
magnetosphere with several keV of energy by virtue of the field-aligned

potential drop characteristic of auroral arcs in the afternoon and evening

sectors. It seems, however, that entry into the radiation belt or ring
current is not direct in either case, but rather occurs via the plasma

sheet. Processes in the plasma sheet may enable the cross—-tail electric R

field to heat the various ionic species further, but not necessarily by the

]

. -
u8 _aes

same amount or by the same amount per nucleon. Moreover, entry of solar wind

ions into the plasma sheet is modulated in part by reconnection efficiency, S

ey
st
Ao

i.e., by the ratio of cross-tall electric field to asymptotic interplanetary

.-
ta'a

electric field. The reconnection efficiency can vary considerably with time,
as can the solar-wind velocity and ion-composition. Likewise, the field- e

aligned auroral potential drop can vary considerably with time. These are
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sonme of the uncertainties that affect the outer boundary condition for the

problem of magnetospheric ion composition as a function of energy/nucleon.

Radial transport of magnetospheric ions at ring-current energies (E ~ lu-
100 keV) 1is achieved primarily by unsteady electrostatic convection. The
corresponding diffusion coefficient is independent of charge and mass among
particles having drift periods > 20 min, the postulated decay time of an
impulsg in the convection electric field. However, the diffusion current is
not divergence-free, since distributed losses constitute an essential
ingredient of ring-current dynamics. Erosion of the ring curreant occurs
primarily through charge exchange and perhaps through wave-particle
interactions. Charge exchange favors the survival of 0% and Het over H' and

He++

at energies < 50 keV, but account must be taken of population disparities
in the plasma sheet and of time scales associated with radial diffusion
therefrom. Thus, it is possible for ot to predominate over 0% and He' in the

early stages of ring-current formation but not necessarily in the later stages

of a magnetic storm.

Collisional processes are less important at radiation-belt energies (E2

200 keV), and the mapping of ion distributions from the outer boundary to low

L values can be understood in terms of a common diffusion profile with i and J

(first two adiabatic invariants) conserved. One consequence of this is
illustrated in Figure 5 [Blake et al., 1973]. The proton anisotropy at L = AR
. .

1.85 is an increasing function of energy, as expected from the arguments of

Nakada et al. [1965]). The alpha-particle anisotropy is larger, although its

energy dependence is ambiguous 1in this case. The larger alpha-particle
anisotropy at fixed energy/nucleon can be understood in terms of an alpha-
particle temperature that is less than four times the proton temperature at

the outer boundary of trapped radiation.
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Much of the research emphasis on ion composition in recent years has
focused on energies =< 20 keV, i.e., on energies so low that they are not truly
in the radiation-belt range. Indeed, such energies are so low that they
hardly include a significant portion of even the ring-current spectrum. It is
therefore quite important to avoid sweeping generalizations in the
interpretation of ion-composition results. Meanwhile, progress [e.g.,
Gloeckler, 1977] is being made toward the construction of ion-identifying
spectrometers that operate in what had been the energy “gap” between ~ 20
keV/charge and ~ 100 keV/nucleon, as required for proper scrutiny of the ring-

current spectrum.

Another advancement in space instrumentation of the past few years is
that which has provided high-resolution measurements of phase-space density
(f) in all three dimensions of ion-velocity space. These measurements have
been of great benefit to magnetospheric research since the launching of the
ISEE and GEOS spacecraft several years ago. One important application has
been remote sensing of the magnetopause. Three-dimensional velocity

distributions reveal proximity of the spacecraft to the magnetopause because

the magnetopause tends to truncate the phase~space density distribution
corresponding to particle trajectories that intersect it. Thus, the gyro-

radius corresponding to an observed truncation in velocity space measures the

distance to the magnetopause in the plane normal to the magnetic field. This
measurement has been used for monitoring the magnetopause position,
orientation, and velocity as functions of time [Williams, 1979]. Another
application of high-resolution ion-velocity measurements in three dimensions
is the timing of ion-injection events that originate in the distant tail
[Williams, 1931]). Of particular interest in this context are the ion beams

that seem to travel along the magnetic field near the edge of the plasma
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sheet, mirror at low altitude, and travel pack out along the magnetic field rjnf
toward the tail. The dispersion in arrival times for different energies and };;J
pitch angles reveals the structure of the magnetic field both earthward and
tailward of the spacecraft and also indicates the distance between the

spacecraft and the location of the impulsive particle source. Williams [1981)

found no evidence that such beams were ever scattered or otherwise impeded in
their round trip from the tail to the polar cap and back. Additional
applications of high-resolution velocity-space coverage in three dimensions

are undoubtedly waiting to be discovered.
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SUMMARY AND OUTLOOK

The purpose of this review has been to provide background material on
broad topics of relevance to the data-analysis phase of IMS. The focus is
balanced somewhat equally between progress achieved and progress desired. The

scope of the review includes the radiation belts and the ring current. The

number of references has been held down by the decision to emphasize broad

=y

principles over special topics. Recent reviews of a more exhaustive character

on ion composition [Cornwall and Schulz, 1979] and energetic-particle

populations [Schulz, 1980], however, have provided extensive reference lists

relevant to the various general and special topics.

P et
e i3

Looking to the future, we should of course continue (as during the data-
acquisition phase of IiiS) to monitor particle intensities and wave spectra
with mnaximum possible resolution. However, the main uncertainties in
radiation-belt science seem to reside beyond the radiation belts themselves.
These include (1) the problem of particle energization in the plasma sheet,
which defines an outer boundary condition for the ring current and radiation
belts; (2) the problem of particle energization in solar flares and in
Jupiter's magnetosphere, both of which seem to constitute sources for the

earth's radiation belts; and (3) the relationship of large scale electric- and

magnetic~field fluctuations across the magnetosphere to interplanetary 1;3'1

parameters and geomagnetic indices that vary with time. We need not regret
the impression that the major problems in radiation-belt science are not
intrinsic to the radiation belts themselves. This is both a tribute to the
pioneers of our field and a challenge for us to unite radiation-belt science
with the mainstream of magnetospheric research, thereby to produce a
comprehensive understanding of plasma processes in the solar system and their

observable consequences.
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LABORATORY OPERATIONS e

The Laboratory Operations of The Aerospace Corporation is conducting exper-

imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific advences to new aflitary space systems. Versatility and )
flexibility have been developed to a high degree by the laboratory personnel in S
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developments is vital to the
accomplishment of tasks related to these probleas. The laboratories that con~ - J

- -
-

tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cv and pulsed chemical laser S
development including chemical kinetics, spectroscopy, optical resonators and - %
beam pointing, atmospheric propagation, laser effects and countermeasures. °

-
Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo~ l 4
spheric optics, light scattering, state~specific chemicsl reactions and radis- C b
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry, . ¥
battery electrochemistry, apace vacuum and radiation effects on materials, lu- ]
brication and surface phenomens, thermionic emisgion, photosensitive materials
5 and detectors, atomic frequency standards, and bioenvironmental resesrch and .
’ monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise aand ——-—-—J
power devices, semiconductor lasers, electromagnetic and optical propagation L
> phenomena, quantum electronics, laser communications, lidar, and electro-optics;
. - cosmunication sciences, applied electronics, seaiconductor crystal and device
physics, radicmetric imaging; millimeter-wave and microwave technology.

- Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
. spaceborne computers, fault-tolerant computer systeams, artificlisl intelligence,
and microelectronics applications. [ER—

Materials Sciences Laboratory: Development of new materials: metal matrix ‘- .
. composites, polymers, and new forms of carbon; component failure analysis and ‘- '-"7
. reliability; fracture mechanics and stress corrosion; evaluation of materials in T
- space environment; materials performance in space transportation systems; anal- S
. ysis of systems vulnerability and survivability in enemy-induced environments. Ll T

Space Sciences Laboratory: Atmospheric and fonospheric physics, radiation
from the atmosphere, density and composition of the upper atmosphere, aurorae .
and airglow; magnetospheric physics, cosmic rays, generation and propagation of o
plasaa waves i{in the magnetosphere; solar physics, infrared astronomy; the !
effects of nuclear explosfons, wmagnetic storms, and solar activity on the -
. earth's astwoaphere, ionosphere, and msgnetosphere; the effects of optical, [
- electromagnetic, and particulate radiations i{n space on space systems. ' N
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